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SYNOPSIS Cement treatment was applied in restoration for a road embankment, at the entrance of the 
Royal Park Rama 9th, which failed during the final grade level construction. Dutch cone penetration 
tests were performed in order to obtain soil profile across the road embankment where very soft 
clay layer was found underneath. Cement slurry was pumped into the very soft to soft clay layers 
directly under the unstable embankment in order to form a stabilized zone of increasing undrained 
shear strength. Slope stability analyses by the simplified Bishop's method proved that, after the 
treatment, the embankment gained higher factor of safety. 
INTRODUCTION 
In November 1987, one month before the opening 
ceremony of the Royal Park Rama 9th took place, 
the road embankment at the north entrance 
cracked and elided toward the adjacent pond. The 
slide was about 2 m deep and 50 m long as shown 
in Fig 1. It occurred when the rapidly con-
structed embankment of side slope 1:5 approached 
the final grade level at the assumed elevation 
of 12.7 m. First attempt to increase slope 
stability was to lower the height of the de-
signed embankment about 70 em in order that the 
road could be opened in early December 1987. 
Fig. I Road Embankment Failure Took Place on Novemtw 6, 1987 
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SOIL INVESTIGATION AND STABILITY ANALYSIS 
In July 1988, 8 months after the failure and re-
construction,Dutch cone penetration test(CPT) 
was carried out on the road surface at the 
elevation of 12.0 m at 4 locations Tl, T2, T3 
and T4 across the embankment as shown in Fig.2. 
The average equivalent field vane shear 
strength, Su (FV), was estimated from the 
average cone resistance, C;J:c, by applying the 
empirical formula for soft Bangkok clay given by 
TRAIVACHIRANGKOON, T. (1983) as follows: 
Su (FV) = qc/20 ..... (1) 
The field vane shear strength, Su (FV), was 
then corrected according to soil plasticity as 
recommended by BJERRUM (1972). Since the plasti-
city index of the soft to medium clay was 48%, 
the correction factor for reducing Su (FV) was 
about 0.8. Therefore, the estimated undrained 
shear strength, Su, used for analyzing slope 
stability, is 0.8xqc/20 = 0.04 qc· The first CPT 
investigation results are summarized in Table 1 
from which the soil layers could be divided 
according to their average undrained shear 
strengths. 
From the investigation results and the soil 
properties recorded during the embankment con-
struction, soil profile under the embankment 
could be depicted as shown in Fig.3. The first 
layer 40 em thick, consisted of small size 
crushed rock and sand, having bulk unit weight 
22 kN/m3 . The second layer was road embankment 
material about 2. 5 m thick, having bulk unit 
weight 19.5 kN/m3. Below this layer was very 
soft clay 2 to 3 m thick, its bulk unit weight 
was 14.6 kN/m3, and its natural water content 
was 86 %. The water level in the pond was at the 
elevation of 9.3 m. 
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TABLE 1 Estimated Undrained Shear Strengths, Su, of Soil Layers from Dutch Cone Penetration 
Test Results after First Investigation 
Top El~ation gf 
Clay Layer at ~~ at 
Classification Elev. Su Elev. 
Fill 12.7 22.6 12.0 
Very Soft 9.9 11.8 9.2 
Soft 6.1 17.6 6.0 
Soft to Medium 3.1 26.4 3.4 
Medium 0.1 34.8 0.2 
Stiff -2.9 89.3 -3.2 
The slope stability of the embankment was ana-
lyzed by the simplified Bishop's method, using 
the average undrained shear strength obtained 
from the first investigation, The stability ana-
lysis, using geometry prior to the failure, 
resulted in minimum factor of safety of 1. 4 7 
when assuming circular failure surface. If the 
major part of non circular surface of failure 
was assumed along the bottom plane of the very 
soft clay layer, the factor of safety dropped to 
1.36. Because the undrained shear strength, Su, 
of the very soft clay layer was the most 
sensitive factor for analyzing slope stability, 
20 
T2 
I::as:;h La~~.t: (m.l an!J Av~. sJJ: (ls;!2al Average 
~:3 at T2 at ~l Su 
Su Elev. Su Elev. Su kPa 
18.0 10.8 21.4 9.3 18.0 20.0 
13.1 7.0 12.1 7.4 10.5 11.8 
16.6 4.8 15.5 4.7 14.0 15.9 
21.9 3.2 22.6 2.7 22.2 23.3 
31.8 -1.8 32.3 -1.3 32.0 32.7 
81.1 -3.8 84.7 -3.3 80.1 83.8 
back analysis was performed by varying the Su of 
this layer until the factor of safety ap-
proaching 1. 0 was attained. The back analysis 
resulted in an average Su of the weakest layer 
8. 7 kPa when the non circular failure surface 
was assumed. The embankment stability after 
lowering its height of 70 em was then analyzed, 
using the Su = 8.7 kPa. The factor of safety in 
the last case was found increasing to 1.15. The 
results from slope stability analyses of the 
embankment under those three conditions are sum-
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non circular surface 
b)back analysis 
circular surface 
non circular surface 
clay Rotation FSmin 
Su Xc Yc R (kPa) (m) (m) (m) 
11.8 
11.8 
4.3 45.1 40.3 1.47 
1. 36 
8.7 14.3 45.1 40.3 1.18 
8. 7 1. 00 
2.After Height Reduction 
ground elev. 12.0 m 
circular surface 8.7 15.0 45.0 40.2 1.35 
non circular surface 8.7 1.15 
In December 1989, two years after the recon-
struction, accumulated settlement about 5 em 
appeared on the road surface on some spots along 
center line of the road embankment. By such 
evidence, the embankment stability was in ques-
tion. Therefore, a permanent restoration program 
for the embankment was initiated. 
In January 1990, additional investigation by 
Dutch cone penetration test was carried out on 
the road surface at 4 locations DC1, DC2/ DC3 
and DC4 as shown in Fig.4. A 3 m thick of very 
soft clay layer was confirmed between the depth 
of 3 to 6 m down from the elevation of 12.0 m. 
Results from the investigation are summarized in 
Table 3. The average Su of very soft clay layer 
was found only 8. 9 kPa which was close to the 
estimated Su/ 8.7 kPa1 previously obtained from 
the back analysis. 
SOIL IMPROVEMENT BY WET JET MIXING METHOD 
In order to bring the road surface up to the de-
signed grade level with higher factor of safety, 
cement stabilization was adopted because of its 
machine simplicity and its construction speed 
compared with the lime stabilization process. 
The main concept was based on the research work 
of HERZOG/ A. and MITCHEL 1 J. K. (1963). When 
cement reacts with water, it will form calcium 
silicate hydrate and calcium hydroxide. The 
excess calcium hydroxide can further reacts with 
silica and alumina in clay particles forming 
extra calcium silicate hydrate and calcium 
aluminate hydrate which give additional strength 
to the soil mass. 
The objective of the restoration program was 
to improve soil properties in very soft clay 
layer under the road embankment especially the 
undrained shear strength so that higher factor 
of safety could be obtained. A group of 
geotechnical engineers from Electricity 
Generating Authority of Thailand and King 
Mongkut Institute of Technology had shared their 
experiences in the design and construct ion of 
the road embankment restoration program. 
The cement treatment for the embankment was 
executed in May to June 1990. Wet jet mixing 
method was employed by mixing quick lime rich 
portland cement with water in a mixing tank at 
water cement ratio 1:1. Each sack of cement (45 
kg) was thoroughly mixed with water for 2 
minutes. Then cement slurry was delivered to a 
storage tank in which it was slowly agitated by 
rotating blades to minimize sedimentation of the 
cement particles. 
TABLE 3. Estimated Undrained Shear Strengths, Su I of Soil Layers from Dutch Cone Penetration 
Test Results before Cement Treatment 
Tog rn§lvgl;;iQn Qf Eacb LaY~ I: (m.l §DQ 8.:£§1. ,su !kEal Average 
Clay Layer ;a!;; l:lC 1 at QC ~ at IdQ 2 ·§t QQ 3 Su 
Classification Elev. Su Elev. Su Elev. Su Elev. "' "'u kPa 
Fill 11.2 19.9 11.2 19.0 8.4 25.8 11.0 21.7 21.6 
Very Soft 9.0 8.6 9.4 6.4 7.0 9.7 8.0 10.9 8.9 
Soft 4.6 17.3 3.8 10.8 2.0 17.5 5.4 15.6 15.3 
Soft to Medium 2.0 23.4 2.0 20.6 2.0 22.6 22.2 
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Wet jet m1x1ng method excution phases are 
shown in Fig. 5. At each location of the ground 
treatment, four sacks ( 180kg) of cement were 
made into slurry and pumped through the drill 
rod of 1.75 inches outside diameter and 0.75 
inch inside diameter. The dri 11 rod was 
plugged at the bottom end near which two 
horizontal holes of 0. 25 inch diameter were 
drilled opposite to each other. The drill rod 
was rotated by a drilling rig and pushed down 
8 m deep to the required depth. The rod was 
withdrawn slowly at the rate of 50 em/min while 
rotating at the speed of 60 rpm. The cement 
slurry was simultaneously jetted under pressure 
10 to 15 bars into the soil through the two 
small horizontal holes. The cement injection 
was done at depth 8 m up to 2 m under the road 
surface. Cement would mix with soil particles 
and formed a cylindrical cohesive soil cement 
mixture. 422 locations of cement jetting 
treatment were set at 1. 2 m interval in square 
grid pattern, covering the stabilized zone of 
11 x 50 x 6 m3 as shown in Fig.4. 
Fig. 5 Wet Jet Mixing Method Execution Phases 
It can be said that the cement slurry under 
such pressure could penetrate through the very 
soft clay well enough because sometimes small 
amount of cement slurry came up from adjacent 
drill holes during injection. Extra row of 
treatment, I, was inserted between row H and 
row J in order to ensure the stiffness of the 
improved soil in the shoulder zone. Total quan-
tity of cement used in the stabilization was 76 
tons for treating soil volume 3, 300 m3. The 
average cement content was about 3 % of the dry 
weight of clay provided that cement slurry was 
uniformly distributed within the soil mass. The 
treatment was performed within six weeks, with 
one drilling crew and cost only 16,000 US$. 
TREATMENT RESULT AND EMBANKMENT RESTORATION 
From June to July 1990, Dutch cone penetration 
test was carried out at 20 locations in the 
treated zone. The undrained shear strength of 
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the stabilized soft clay shown in Table 4 
varied in the range of 13.1 to 19.6 kPa at age 
about one month or less at the jetting points 
and at the midpoint between those treating 
locations. The improved strength obtained from 
various locations was not significantly 
different. Though the cement content was 
relatively low, the treatment could improve the 
average undrained shear strength of the very 
soft clay from 8.9 kPa to 15.2 kPa. Comparison 
of the estimated undrained shear strengths 
obtained from the Dutch cone penetration test 
at DC-1, DC-2, DC-3 and DC-4 before and after 
cement treatment is shown in Fig. 6. A re-
markable increase in strength especially in the 
very soft clay layer could easily be noticed at 
each location. 
TABLE 4.Estimated Undrained Shear Strength,Su, 
of the Stabilized Zone from Dutch Cone 
Penetration Test Results,June-July 1990 
Location Age Average Cone 
Distance(m) (days) Resistance,qc Su 
/from (kPa) (kPa) 
0. 3/ Al7 to Al8 19 352 14.1 
0.6/ A17 to Al8 19 345 13.8 
0.0/ A22 5 368 14.7 
0.3/ A22 to A23 8 360 14.4 
0.6/ A22 to A23 13 392 15.7 
0.3/ A30 to A31 12 372 14.9 
0.6/ A30 to A31 12 380 15.2 
0.85/ C17 to Dl8 28 365 14.6 
0.6/ C30 to C31 12 382 15.3 
0.6/ D35 to D36 25 400 16.0 
0.6/ Ell to El2 6 358 14.3 
0.3/ E25 to E26 10 385 15.4 
0.6/ E25 to E26 10 333 13.3 
0.6/ E39 to E40 17 363 14.5 
0.85/ F17 to G18 23 393 15.7 
0.6/ F20 to F21 13 375 15.0 
0.0/ F49 34 490 19.6 
0.0/ G34 4 458 18.3 
0.0/ G45 2 328 13.1 
0.3/ I25 to I26 25 420 16.8 
Average Su = 15.2 
The cement treatment formed a thick block of 
soil-cement mixtures supporting the road 
embankment as illustrated in Fig.7. The embank-
ment stability was then analyzed using the 
average soil parameters obtained from the first 
two periods of investigation except the Su of 
very soft clay layer where the value of 8.9 kPa 
was applied. The factor of safety against slope 
failure increased from 1 .15 to 1. 60 when the 
same non circular surface of failure was con-
sidered. However, another critical non circular 
surface of failure was found close to the edge 
of the embankment where the factor of safety 
became 1. 34. 
From July to August 1990, final embankment 
restoration was ~roceede;d after finishing the 
treatment by 1ncreas1ng the height of 
embankment of 70 em to raise the road surface 
back to the designed grade lavel. The stability 
after cement treatment was reanalyzed and shown 
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TABLE 5. Factor of Safety againt Slope Failure 
after Cement Treatment 
Treated Center of 
Condition of Soil EQt§tign FSmin 
Analyses Su Xc Yc R (kPa) (ml (ml (m) 
l.ground elev. 12.0 
a)without surcharge 
circular surface 15.2 15.7 39.1 34.3 1. 46 
non circular surface 15.2 1. 34 ( 1. 60) 
2.ground elev. 12.7 
a)without surcharge 
circular surface 15.2 15.2 38.8 34.0 1. 29 
non circular surface 15.2 1.18 
b)surcharge 10 kN/m2 
( 1.49) 
circular surface 15.2 15.2 38.8 34.0 1.14 
non circular surface 1.10 
c)surcharge 20 kN/m2 
( 1. 36) 
circular surface 15.2 15.2 38.8 34.0 1. 03 
non circular surface 1. 03 
( 1. 24) 
() When the non circular surface of failure was 
assumed to be the same as that of the p~evious 
case, before the cement treatment. 
It could be noticed that after the cement 
treatment had been applied, the radius of the 
most critical circular surface of failure 
became shorter. The critical surface moved 
toward the pond and it was tangent to the 
stabilized sone. After the embankment height 
was increased to the elevation of 12.7 m and it 
was free of surcharge, the minimum factor of 
safety of the potential non circular surface of 
failure, found close to the slope edge, dropped 
to 1.18. It may further decrease to 1.10 and 
1.03 if the surcharge on the embankment is 
increared to 10 and 20 kN/m2 respectively. 
When the non circular failure surfaces are 
assumed to pass the stabilized block, along the 
previous critical path, the factor of safety 
become 1.49, 1.36 and 1.24 where the surcharges 
are 0, 10 and 20 kN/m2 respectively. The poten-
tial of failure along the weakest plane at the 
bottom of very soft clay layer seemes to be 
reduced by foming the stabilized zone in such 
a manner. Though the embankment is stable up to 
present, its stability condition is relatively 
poor. Therefore, transportation on the road is 
limited to the minimum and the traffic 
surcharge is limited to 10 kN/m2. 
However, this restoration program might be 
one of the rare cases that a low cement content 
of 3% could be used satisfactorily in soil 
improvement. In addition, if higher cement 
content is used or the stabilized block is 
extended toward the pond, higher factor of 
safety should be obtained. 
In March to April 1992, a program to check the 
stability of the embankment was carried out 
again by Dutch cone penetration test. The in-
vestigation results are summarized in Table 6. 
It can be seen that the undrained shear 
strength of the treated soil is maintained in 
the same level. Besides, the average value 
increases from 15.2 kPa to 16.1 kPa. Although 
the trend goes up only a 1 itt le higher, it can 
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be said that the restoration of road embankment 
has been successful and the embankment is in 
more stable condition. 
TABLE 6.Estimated Undrained Shear Strength, Su, 
of the Stabilized Zone from Dutch Cone 
Penetration Test Results, March 1992 
Location Average Cone 
Distance(m) Resistance,qc Su 
/from (kPa) (kPa) 
0.3/ A19 to A18 368 14.7 
0.0/ A19 358 14.3 
0.3/ A19 to A20 365 14.6 
0.6/ A19 to A20 393 15.7 
0.3 A20 to A19 395 15.8 
0.0/ A20 390 15.6 
0.0/ C18 (DC 4) 408 16.3 
0.0/ C22 (DC 1) 380 15.2 
0.0/ E25 428 17.1 
0.6/ E25 to E26 375 15.0 
0.3/ E26 to E25 398 15.9 
0.0/ E26 405 16.2 
0.0/ G18 (DC 3) 373 14.9 
0.0/ G22 (DC 2) 403 16.1 
0.0/ H26 468 18.7 
0.3/ H26 to H27 400 16.0 
0.6/ H26 to H27 433 17.3 
0.3/ H27 to H26 445 17.8 
0.0/ H27 380 15.2 
0.6/ I25 to I26 410 16.4 
0.0/ I26 490 19.6 
Average Su = 16.1 
CONCLUSION 
It is evident that low cement content could be 
used satisfactorily for improving the undrained 
shear strength of very soft clay under the road 
embankment. The factor of safety against slope 
failure is somewhat increased. 
After two years of observation, the embank-
ment can still serve its function properly 
without any sign of cracks or excessive settle-
ment on the road surface up to present. The 
soil stabilization by cement wet jet mixing 
method, in this case, has been proved to be 
simple, quick, efficient and effective at low 
cost. 
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